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Laurent Kodjabachian
Morphogen gradients are proposed to organise cell
fates during development via the long-range activity of
secreted molecules. Their existence in vertebrates,
however, has been debated. A recent study has
identified the Nodal-related protein Squint as a
bona fide morphogen in vertebrate mesoderm.
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The concept of morphogen gradients has been developed
for several decades to explain how, during animal develop-
ment, cells can determine their position within a homo-
geneous field, and consequently adopt appropriate fates
[1,2]. The essential idea is that a single extracellular signal
produced from a local source acts in a concentration-depen-
dent manner, and thus can elicit distinct responses in recip-
ient cells as a function of their distance from the source.
The group of cells which emit the signal is called an organ-
iser or an organising centre, while the signal is referred to as
a morphogen, or ‘form-generating substance’.
Morphogens are secreted ligands, which can travel away
from the organiser, thereby creating a declining gradient
of activity. This gradient is translated into transcriptional
responses in a stepwise manner [1,2]. In the simplest sce-
nario, low-threshold responding genes are activated both
near the organiser and in cells distant form the source,
whereas high-threshold responding genes are activated only
in cells close to the source (Figure 1). In addition to their
long-range concentration-dependent activity, morphogens
act directly — they do not function by activating ‘relay’
signals. This last property is difficult to establish experi-
mentally, as it requires producing the signal locally, pre-
venting reception by neighboring cells, and evaluating the
response in non-compromised distant cells. 
The existence of morphogen gradients has been postu-
lated in several developmental systems, but definitive
support has been gained only in the case of Drosophila
appendages. A large body of evidence has shown that the
Wingless, Hedgehog and Decapentaplegic proteins func-
tion as genuine morphogens in wing and leg imaginal discs
of the developing fruitfly [1–3]. These proteins can all
induce multiple targets in a concentration-dependent
manner, and stimulate long-range responses in the absence
of secondary signals. Signalling molecules that act in a
dose-dependent manner have also been found in verte-
brates [1,4]. One example is Sonic Hedgehog (Shh), which
specifies distinct neuronal fates in the chick neural tube in
a concentration-dependent fashion [5]. But it remains to
be shown whether Shh can function at long distance in the
absence of relay signals. 
The Xenopus protein Activin, a member of the transform-
ing growth factor (TGF-β) superfamily, is the best
candidate vertebrate morphogen, as its concentration-
dependent activity in patterning the mesoderm is very
well documented [6]. In amphibians, the mesoderm is
induced at blastula stages by TGF-β signals that are pro-
duced in the endoderm and act upon overlying cells [7].
Activin can mimic the endogenous TGF-β signal, as it
induces mesoderm formation when ectopically expressed
in prospective ectoderm. In this assay, Activin functions as
a long-range morphogen that locally induces the gene
goosecoid (gsc) at high concentration, and induces the gene
Xbra at lower concentration in distant cells [6]. Moreover,
Activin can elicit these responses directly, as it is able to
travel through layers of unresponsive cells, where transla-
tion is blocked to avoid the synthesis of possible secondary
signals [8]. It is unclear, however, to what extent Activin
participates in mesoderm induction in vivo [9].
Chen and Schier [10] have now performed an elegant set
of experiments which have provided unequivocal evidence
that the Nodal-related protein Squint is a true morphogen
involved in patterning the mesoderm in zebrafish. Squint
functions in a concentration-dependent manner, at long
distance and in the absence of relay signals [10]. Nodal
proteins constitute a divergent subclass within the TGF-β
superfamily, and have been so far identified only in the
chordate phylum. The founding member, Nodal, is repre-
sented by a single gene in mouse, while six counterparts
are known in Xenopus and two in zebrafish. Genetic studies
have shown that nodal in mouse and Squint (sqt) and cyclops
(cyc), which function redundantly in zebrafish, are required
for mesoderm formation [11]. Additional roles of Nodal
proteins include endoderm formation, patterning of the
neural axis, and the establishment of left–right asymmetry
[11]. I shall focus here on the role of zebrafish Squint in
inducing and patterning the gastrula mesoderm.
It is important to understand the Nodal transduction
pathway to appreciate the evidence that Squint is a mor-
phogen. It is thought that, in a similar manner to other TGF-
β signalling proteins, Nodal signals through hetero-dimeric
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receptors to activate Smad2 within the cell, leading ulti-
mately to a transcriptional response involving FAST1
[11–13]. Nodal signalling also requires the presence of a co-
receptor at the surface of recipient cells, which is encoded
by genes of the EGF-CFC family [12,14]. These genes are
called cripto and cryptic in mouse, and one-eyed pinhead (oep)
in zebrafish [14]. Fish embryos devoid of both maternal
and zygotic Oep proteins — MZoep mutant embryos —
lack head and trunk mesoderm and endoderm, a pheno-
type similar to that of sqt; cyc double mutants [14]. A cell
lacking Oep protein is thus unable to perceive the Nodal
signal, presumably because the ligand cannot bind the
defective receptor complex [12].
Earlier work revealed the concentration-dependent activity
of Nodal signalling in zebrafish axial mesoderm [15]. Head
mesoderm progenitors that express gsc were shown to be
induced by high levels of Squint or cyclops signals, while
trunk mesoderm cells expressing floating head (flh) and the
zebrafish Xbra homolog no tail (ntl) are induced at lower
levels of Squint or cyclops [15]. Moreover, decreasing the
level of Nodal signals in oep zygotic mutants, or in embryos
injected with low amounts of a Nodal competitive inhibitor,
was found to lead to the loss of gsc, but not flh, expression
[15]. In the complete absence of Nodal signals, however,
neither gene is expressed. Thus, gsc and flh/ntl are activated
at different thresholds by Nodal signals.
Prior to gastrulation, Sqt and cyc transcripts are found in the
most vegetal mesendoderm progenitors, which also express
gsc, but not in more animal prospective trunk mesodermal
cells which express flh [15]. Yet no mesoderm is formed in
sqt; cyc compound mutants, indicating that the proteins
must act at distance. Chen and Shier [10] tested this possi-
bility by injecting Sqt or cyc RNA, together with a fluores-
cent tracer, into a single cell of cleavage-stage embryos, and
analysing gene expression three hours later. They found
that flh and ntl expression was induced 4–8 cell diameters
away from Sqt expressing cells, whereas gsc was induced in
cells expressing Sqt and their immediate neighbors
(Figure 2a). This demonstrates that Squint can activate its
targets at long distance. When the dose of injected Sqt
RNA was decreased ten-fold, gsc was no longer induced,
while flh and ntl were induced in the injected cells only,
confirming the dose-dependent action of Squint (Figure
2a). In sharp contrast, injection of a high dose of cyc RNA
led to local induction of gsc, flh and ntl, indicating that
cyclops is unable to signal at long distance (Figure 2a).
Thus, Squint, but not cyclops, can signal over long dis-
tances. Moreover, Chen and Shier [10] ruled out the possi-
bility that cell movements occuring past the induction
phase could explain the apparent long-range response. As
described above, the second criterion in the definition of
a morphogen is its direct action. Chen and Shier [10]
designed a superb series of injection/transplantation exper-
iments to address this point. First, they established that
the non-autonomous activation of ntl by Squint requires
the presence of the Oep co-receptor in responding cells,
thus ruling out the existence of Oep-independent relay
signals (Figure 2b). They made use of this observation to
demonstrate that Sqt expressed in Oep-negative cells can
activate ntl in distant wild-type cells, by crossing a field of
unresponsive Oep-negative cells (Figure 2c). This last
experiment unequivocally demonstrates that Squint func-
tions directly, and does not activate any relay signals to
induce its targets at long distance.
Intriguingly, Squint acts as a morphogen while cyclops
does not, in spite of their redundant function in establish-
ing distinct fates in the mesoderm. As the Sqt and cyc genes
are co-expressed at blastula stages, it is possible to imagine
that the combined short-range and long-range action of the
proteins is required to establish a sharper gradient [16].
This idea brings us to the issue of how the morphogen
gradient is translated into differential gene activation. It
was shown for Activin in Xenopus that the nature of the
gene activated in response to the ligand depends on the
absolute number of cell surface receptors occupied by the
ligand [17]. Moreover, this connection seems to be direct,
Figure 1
Schematic representation of a morphogen gradient. The morphogen
ligand is produced by two cells in the organising centre (O) and moves
away from the site of production. Its concentration, represented by the
green line, decreases with increasing distance from the source. In
consequence, gene A, which is activated by low amounts of
morphogen is induced near the source as well as in distant cells (blue
rectangle). In contrast, gene B, which is activated by high amounts of
morphogen, is only induced near the source (red rectangle). Note that
this diagram represents a unidirectional morphogen gradient, but
symmetrical gradients have been often described as well.
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as the amount of ectopic Activin experienced by cells from
the ‘animal’ pole of the Xenopus embryo influences propor-
tionally the amount of Smad2 transducer translocated in
the nucleus of these cells [18].
An alternative to morphogens having concentration-depen-
dent activity has been proposed, however, based on the
duration of the signal and changing cell context [4]. This
model integrates the notion of signalling dynamics, as the
net amount of signal experienced by a cell is also a func-
tion of the time during which the cell perceives the signal.
Support for this notion has again come from analysis of the
Nodal pathway in zebrafish. Gritsman et al. [15] adminis-
tered Oep protein to mutant MZoep embryos, by injecting
oep RNA into the yolk cell at different stages. By doing so,
they re-activated the Nodal pathway in deficient embryos
at different time-points during the phase when Nodal is
normally active. They showed that recovery of gsc expres-
sion required sustained Nodal signalling, whereas flh
expression was recovered upon shorter exposure to Nodal
signals. Thus, in this instance, the amount of signal per-
ceived by responding cells is a function of time of expo-
sure to this signal. It appears therefore essential to integrate
the time component to understand how cells interpret a
morphogen gradient.
A central issue in the field of morphogen gradients is how
the signalling molecules travel. This property is directly
linked to the nature of the ligand, as illustrated by the lack
of long-range activity of cyclops [10]. To investigate this
question, Chen and Shier [10] swapped the pro-domains of
Squint and cyclops, as it is thought that the pro-domains of
TGF-β family proteins can variably affect their processing,
secretion and binding to the extracellular matrix. Swapping
the pro-domains had no effect on either protein, however,
indicating that the determinant for the long-range effect of
Squint is contained in the mature peptide. It will be impor-
tant to continue this type of analysis to understand how the
Squint morphogen travels through tissues.
Considerable progress has been recently made in studies
of the movements of secreted morphogens, owing to the
successful visualisation of tagged ligands in Drosophila
[19]. These studies are leading to new concepts in the
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Figure 2
An illustration of the experiments carried out by Chen and Shier [10],
which have provided the evidence required to qualify Squint protein as
a morphogen. (a) Squint, but not cyclops, activates its targets over
long distances. Sqt or cyc RNA were injected into a single cell of wild-
type embryos at the 128–256 cell stage. Three hours later, the low-
threshold response genes flh and ntl (blue) were activated in cells
injected with high amounts of Sqt RNA, as well as in distant cells. The
high-threshold response gene gsc (red) was activated in cells injected
with high amounts of Sqt RNA, and in adjacent cells. When a lower
dose of Sqt RNA was injected, only the low-threshold response genes
were induced, and this occurred in injected cells and their immediate
neighbors. Squint thus functions as a long-range concentration-
dependent signal. All genes were induced at short-range only by cyc-
expressing cells. (b) The long-distance action of Sqt requires the
presence of the co-receptor Oep in responding cells. Sqt and oep
RNAs were injected in MZoep embryos, which are unable to respond
to Sqt. The target gene ntl was induced in the injected cells, but not in
oep-negative cells. (c) Squint acts over long distances in the absence
of relay signals. Sqt RNA was injected in MZoep embryos, and a group
of wild-type cells was transplanted at a distance from the injected cells.
The low-threshold target ntl was induced in the wild-type cells,
demonstrating that Sqt protein can cross a field of unresponsive cells
and therefore acts without activating any secondary signals.
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field of morphogen gradients, such as controlled extracellu-
lar movements, vesicle-mediated transport through tissues,
or regulated ligand turnover in responding cells [19]. As
nicely illustrated by Chen and Shier [10], the zebrafish
embryo is also an excellent model system for studying
morphogens, although it is currently lagging behind its fly
counterpart. The possibility of combining genetic, cell
biological and embryological methods in zebrafish will
undoubtedly help us to learn more about morphogen gra-
dients in higher animals.
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